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(57) ABSTRACT 

A family of high speed transistors and optoelectronic 
devices is obtained on a monolithic substrate With an epi 
taxial layer structure comprised of tWo modulation doped 
transistor structures, one inverted With respect to the other. 
The transistor structures are obtained by modi?cation of the 
Pseudomorphic High Electron Mobility Transistor 
(PHEMT) structure and are combined in a unique Way to 
create a thyristor structure. The thyristor structure may be 
used as a digital modulator, a transceiver, an ampli?er and 
a directional coupler. These devices may be realized as 
either Waveguide or vertical cavity devices. The vertical 
cavity construction enables resonant cavity operation of all 
device modes. In addition to the multiple optoelectronic 
properties, the structure also produces inversion channel 
bipolar devices termed BICFETs having either electrons or 
holes as the majority carrier and heterostructure FETs With 
both electron and hole channels. Therefore complementary 
operation of PET or bipolar circuits is possible. 
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MODULATION DOPED THYRISTOR AND 
COMPLEMENTARY TRANSISTOR COMBINATION 

FOR A MONOLITHIC OPTOELECTRONIC 
INTEGRATED CIRCUIT 

BACKGROUND OF THE INVENTION 

[0001] This invention builds upon the existing device 
structure known as the Pseudomorphic Pulsed Doped High 
Electron Mobility Transistor (Pulsed Doped PHEMT) and 
sometimes referred to as the Pulsed Doped Modulation 
Doped Field Effect Transistor (Pulsed Doped MODFET) or 
the Pulsed Doped TWo Dimensional Gas Field Effect Tran 
sistor(Pulsed Doped TEGFET). GaAs/InGaAs/ AlXGa1_XAs 
has been the Ill-V material system of choice for these 
devices because of the ability to groW high optical/electrical 
quality epitaxial layers by MBE (molecular beam epitaxy). 
HoWever, relatively neW Wideband semiconductors such as 
GaN are also promising candidates since quantum Wells are 
easily formed. PHEMTs are noW in constant demand as the 
front end ampli?er in Wireless and MMIC applications and 
they have become Well recogniZed for their superior loW 
noise and high frequency performance. 

[0002] The PHEMT has been very successful in producing 
microWave transistors that operate Well into the multi 
gigahertZ regime, initially being used extensively in military 
systems and noW ?nding their Way into commercial prod 
ucts, particularly in the area of cellular communications. 
There are a multitude of advantages to be gained by the use 
of optical signals in conjunction With electrical signals in the 
high frequency regime. Combining electronic With optoelec 
tronic components monolithically gives rise to the concept 
of the optoelectronic integrated circuit (OEIC). In general, 
monolithic integration has proven to be difficult because of 
the very dissimilar nature of the structures of electronic 
devices such as the FET on the one hand and the optoelec 
tronic devices on the other hand such as the junction diode 
laser and the MSM or PIN diode. To make matters even 
more complicated, the introduction of optoelectronic device 
combinations must compete With state-of-the-art electronic 
chip technology Which is currently complementary MOS 
transistors in the form of Si CMOS circuits. The implication 
is that the introduction of optoelectronic device combina 
tions must provide for complementary device combinations 
together With optoelectronic functionality. In this Way, an 
optoelectronic technology base Would provide both comple 
mentary functions and optoelectronic functions Which 
Would provide it With a clear cut advantage over conven 
tional CMOS. The PHEMT may be modi?ed for optoelec 
tronics by the use of an ohmic contact to replace the 
Schottky contact (see US. Pat. No. 4,800,415). Such a 
device has been designated an HFET or more precisely an 
inversion channel HFET (ICHFET) to distinguish it from the 
broad range of III-V transistors Which have been described 
as HFETs. HoWever, the detailed nature of hoW the p doping 
is added to the PHEMT is a critical issue because the 
resulting structure must perform multiple functions Which 
are 1) it must provide a loW resistance ohmic contact, 2) it 
must provide funneling of carriers into the active region of 
the optoelectronic device, and 3) it must minimiZe the effects 
of free carrier absorption. In order to realiZe a complemen 
tary structure With an ohmic contact modi?ed PHEMT, it is 
necessary to groW tWo different types of modulation doped 
quantum Well interfaces, one Which creates an inversion 
channel for electrons and one Which creates an inversion 
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channel for holes. The manner in Which these tWo interfaces 
are combined structurally, affords some unique opportunities 
for the creation of optical sWitches in the form of thyristors. 
These are routinely formed in the implementation of CMOS 
technology as the series combination of p-n-p-n structures 
but are intentionally suppressed to eliminate parasitic latch 
up. HoWever in the design of the III-V complementary 
technology layer structure, the thyristor may be optimiZed to 
provide unique opportunities for sWitching lasers and detec 
tors. 

[0003] It is an object of this invention to devise a single 
epitaxial layer structure Which can simultaneously Within a 
single integrated circuit chip be fabricated to operate as an 
electron majority carrier bipolar transistor, a hole majority 
carrier bipolar transistor, a ?eld-effect transistor With elec 
trons as the channel majority carrier, a ?eld-effect transistor 
With holes as the channel majority carrier, a laterally injected 
laser in Which channel majority carriers are injected from 
channel contacts and channel minority carriers are injected 
from an ohmic gate contact, a thyristor sWitching laser, a 
thyristor sWitching detector Which absorbs radiation across 
the bandgap of its quantum Well(s), a pin type bandgap 
detector in Which majority photoelectrons are removed to 
the channel contacts and photoholes are removed to the gate 
or collector ohmic contact, an optical ampli?er and a modu 
lator. 

[0004] Another object of the invention is to specify a 
fabrication technology to produce a pair of complementary 
n-channel and p-channel ?eld effect transistors that function 
optimally as a complementary logic gate. This fabrication 
sequence should also produce complementary bipolar ?eld 
effect transistors With n-channel and p-channel control ele 
ments respectively. 

[0005] Another object of this invention is to shoW hoW the 
thyristor device may be optimiZed from the same comple 
mentary technology sequence to perform as a high ef?ciency 
laser When sWitched to its on state and as a high ef?ciency 
detector in its high impedance off state. 

[0006] Another object of this invention is to produce an 
in-plane directional coupler using the complementary struc 
ture in Which the propagation constants in tWo parallel 
Waveguides may be altered selectively by the injection of 
charge into either or both of these guides from self-aligned 
contacts Which may inject charge into the core of their 
respective Waveguides. 
[0007] Another object of this invention is to shoW hoW the 
optoelectronic devices can be fabricated as vertical cavity 
devices and yet also provide sources, detectors, modulators, 
ampli?ers and sWitches that are interconnected by loW loss 
passive Waveguides in the plane of the integrated circuit. 

[0008] It is a further object of this invention to achieve 
these goals With a unique combination of planar sheet 
dopings Which modify the generic PHEMT structure and 
provide it With optoelectronic capability. 

[0009] A ?nal object of this invention is to shoW hoW the 
complementary transistor technology and the optoelectronic 
device technology are optimiZed simultaneously for a manu 
facturable solution. 

SUMMARY OF THE INVENTION 

[0010] Asemiconductor device structure and a fabrication 
technology have been invented to meet these objectives 



US 2002/0121647 A1 

Which achieves operation of vertical cavity devices as thy 
ristor lasers and detectors together With complementary FET 
or bipolar operation using the same monolithic semiconduc 
tor device structure. In accordance With one illustrative 
embodiment of the invention, complementary ICHFET 
devices in Which sheets of planar doping positioned very 
close to the modulation doped layers are used to establish the 
gate capacitance of the ?eld-effect transistors (a p type sheet 
for the n channel transistor and an n type sheet for the p 
channel transistor) are combined epitaxially to realiZe both 
transistors in a single epitaxial groWth. Each of these tran 
sistors is the PHEMT device in Which the gate contact is 
ohmic in nature as opposed to a Schottky diode. The ohmic 
contact is non-rectifying Whereas the Schottky diode contact 
is rectifying to applied signals. 

[0011] The n type transistor is groWn With the gate contact 
above the quantum Well (designated the normal con?gura 
tion) and the p type transistor is groWn With the gate contact 
beloW the quantum Well (designated the inverted con?gu 
ration). For the n type transistor, there are tWo planar sheet 
doping layers, betWeen the gate metal and the modulation 
doped layer of the PHEMT and both of these are opposite 
doping type (p type) to the modulation doped layer (n type). 
The surface sheet charge enables a loW resistance ohmic 
contact. The second sheet de?nes the input capacitance of 
the FET since it establishes the gate voltage at a precise 
spacing above the modulation doped layer. The spacing 
betWeen these sheets of opposite doping types is undoped 
and formed in an intermediate band gap material relative to 
the quantum Well. 

[0012] The p type transistor is groWn in the inverted 
con?guration. The loWermost layer is the n type sheet Which 
is spaced by the critical capacitor thickness beloW the p type 
modulation doped layer. BeloW this n type sheet is a layer of 
n+ type GaAs for the purpose of making an ohmic contact 
to the gate of the p type transistor. The ohmic contact to the 
bottom layer is made by conventional alloying techniques. 

[0013] The collector contact of the n type transistor is 
formed by the channel region of the p type transistor and the 
collector contact of the p type transistor is formed by the 
channel region of the n type transistor. This is achieved by 
the combination of the normal and inverted devices Within 
the same set of epitaxial layers. The thyristor is created by 
the complete layer structure, so that it encompasses both n 
type and p type transistors. The thyristor structure can make 
use of all of the terminal contacts of the n type and p type 
transistors. 

[0014] To create the n type inversion channel devices, 
source and drain electrodes are formed on either side of a 
refractory metal gate/emitter using ion implantation and 
standard self-alignment techniques. The source and drain 
electrodes are metaliZed after a high temperature anneal 
Which activates the implanted species. For the p type 
devices, the refractory metal de?nes the gate feature but 
actually performs as the collector of the device. The gate 
layer is the bottom N+ layer and its electrical connection is 
provided by an ohmic contact placed to one side of the 
source or drain regions to provide electrical access to the 
bottom epitaxial layer. For the ?eld effect transistors, the 
gate or collector contact metal forms a uniform metal feature 
across the length (short dimension) of the device. For the 
optoelectronic devices (Which includes the thyristor laser, 
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detector, optical ampli?er and modulator) the gate metal is 
opened to alloW the passage of light either into or out of the 
active region and the surface P++planar sheet doping is 
relied upon to produce a constant potential across the optical 
opening. Then the current ?oW from the gate metal contact 
into the active layer is tWo dimensional in nature With the 
contours of the carrier ?oW determined by the use of a Si 
implant to steer the carrier ?oW. The optoelectronic devices 
are resonant vertical cavity devices and the spacing betWeen 
the modulation doped layers of the n and p type transistors 
is adjusted to produce an integral number of half Wave 
lengths in the cavity. 

[0015] The above embodiment produces optoelectronic 
devices that emit or detect normal to the surface. In another 
embodiment, the DBR mirrors of the vertical cavity perform 
as the cladding layers for a dielectric Waveguide, and the 
light is entered into the edge of the device by means of a 
passive Waveguide fabricated monolithically With these 
devices. By the use of a grating etched into the Waveguide, 
the light may be continuously converted from vertical cavity 
to Waveguide propagation. This operation is particularly 
signi?cant for the laser, detector, modulator and ampli?er 
devices. 

[0016] Further features and advantages of the invention 
Will become more readily apparent from the folloWing 
detailed description When taken in conjunction With the 
accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] FIG. 1a is a schematic vieW shoWing layers of the 
structure according to the principle embodiment of the 
invention and from Which the electronic and optoelectronic 
sWitching devices of the invention can be made. 

[0018] FIG. 1b shoWs the energy band diagram of the 
FIG. 1A structure. 

[0019] FIG. 2a shoWs the schematic cross-section of the 
n type transistor With source, drain and gate contacts and in 
addition a back gate Which is labeled as a collector. The 
drain is created as a loW capacitance, high speed node by the 
insertion of an oxygen implant to minimiZe the local capaci 
tance. This is also the cross-section of the p type bipolar 
device (n channel BICFET) in Which the terminal designa 
tions are emitter, base/source, and collector Which is shoWn 
optimiZed in FIG. 2b. 

[0020] FIG. 2b shoWs the device contact geometry of the 
ponp transistor. In this layout, the base/source terminal 
contacts the channel from both sides and the collector 
contact is de?ned outside of the base contact. In this case, 
the base resistance is minimiZed at the expense of collector 
resistance Which includes the unmodulated p channel beloW 
the base contact regions. 

[0021] FIG. 2c shoWs the device contact geometry of the 
ponp transistor optimiZed for loWer collector resistance. The 
base/source contact is self-aligned to one side of the channel 
and the collector contact is self-aligned to the other side. By 
comparison to FIG. 2b the base/source access resistance is 
higher but the collector access resistance is loWer 

[0022] FIG. 2d,e,f shoWs the construction of the PHFET 
Which is also the construction of the nopn transistor. The p+ 
layer for an ohmic contact at the top of the structure and the 
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p+. layer Which de?nes the upper plate of the capacitor of the 
n channel device are both etched aWay so the modulation 
doping is exposed prior to deposition of the refractory 
electrode. For the bipolar, the emitter contacts are required 
on both sides of the mesa. For the FET, a gate contact on one 
side of the mesa Will suf?ce. 

[0023] FIG. 2g shoWs the generalized construction of the 
optoelectronic thyristor structure con?gured as a vertically 
emitting or detecting device. Both n channel and p channel 
contacts are shoWn for completeness. The optical aperture is 
formed by N type implants Which are placed inside of the 
metal tungsten emitter contact. The current ?oW into the 
active layer is guided by the implants as shoWn. The bottom 
mirror is groWn and converted to AlO/GaAs and the top 
mirror is comprised of deposited layers. 

[0024] FIG. 2h shoWs the optoelectronic thyristor struc 
ture formed With only the electron channel contact as the 
third terminal input. This is the most practical thyristor 
structure as only a single high impedance input node is 
required to change state and the electron channel is prefer 
able due to its higher mobility. 

[0025] FIG. 2i shoWs the optoelectronic thyristor structure 
formed With the electron third terminal input and adapted to 
the Waveguide propagation of signals. The light is con?ned 
to an optical mode as shoWn by the cladding formed on the 
top by the deposited DBR mirror and by the cladding formed 
on the bottom by the groWn DBR mirror. For the laser 
structure, the light is converted from a vertically propagating 
mode to a Waveguide propagating mode by the action of a 
second order diffraction grating formed in the ?rst mirror 
layer of the top deposited mirror. The Waveguide device also 
performs as a thyristor digital receiver, as a Waveguide 
ampli?er and as a Waveguide digital modulator. 

[0026] FIG. 2j shoWs the optoelectronic thyristor 
Waveguide structure With electron third terminal inputs and 
adapted to the formation of tWo parallel Waveguide chan 
nels. The light is coupled from one channel to the other and 
vice versa by evanescent coupling. The coupling takes place 
through a region of slightly larger bandgap and therefore 
slightly loWer index created through techniques such as 
vacancy disordering. The sWitching in such a directional 
coupler device occurs by the injection of charge into one of 
the tWo channels 

[0027] FIG. 3a shoWs the circuit con?guration of the 
thyristor With a series load element Which is a transistor 
integrated With the thyristor in the form of an HFET or a 
bipolar device. The third electrical terminal provides a high 
impedance input to trigger the device. The IV characteristics 
of the device are also shoWn and sWitching occurs When the 
sWitching voltage has been reduced beloW the biasing volt 
age. 

[0028] FIG. 3b shoWs the top vieW of the in-plane con 
?guration of the single Waveguide device. The light propa 
gates in the Waveguide formed by the quantum Wells as a 
core region and the dielectric mirrors as the Waveguide 
cladding regions. The light enters from a passive Waveguide 
and exits to a passive Waveguide. These passive Waveguides 
have near Zero re?ectivity at the transition to the active 
Waveguide. The active device may have a grating de?ned in 
the ?rst layer of the upper dielectric mirror to enable 
conversion from a laterally propagating to a vertically 
propagating mode 
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[0029] FIG. 3c shoWs a top vieW of the directional coupler 
optical sWitch. TWo active Waveguide channels are separated 
by an electrically isolating region Which evanescently 
couples Waves betWeen the tWo guides. Other aspects of the 
guides are identical to FIG. 3b 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0030] FIG. 1A and FIG. 2A shoW the layers of a struc 
ture in accordance With an embodiment of the invention and 
from Which all the device structures associated With the 
optoelectronic technology can be made. The structure of 
FIG. 1A can be made, for example, using knoWn molecular 
beam epitaxy (MBE) techniques. A?rst semiconductor layer 
151 of AlAs and a second semiconductor layer 152 of GaAs 
are deposited in pairs upon a semiinsulating gallium ars 
enide substrate 149 in sequence to form a dielectric distrib 
uted bragg re?ector (DBR) mirror. The number of pairs Will 
alWays be comprised of an odd number of AlAs layers and 
an even number of GaAs layers so that the ?rst and last 
layers of the mirror are shoWn as layer 151. In the preferred 
embodiment the AlAs layers Will be subsequently subjected 
to high temperature steam oxidation to produce the com 
pound AlXOy so that a mirror Will be formed at the designed 
center Wavelength. Therefore the thicknesses of layers 151 
and 152 in the mirror are chosen so that the ?nal optical 
thickness of GaAs and AlXOy are 1A Wavelength of the center 
Wavelength )tD. Deposited upon the mirror is the active 
device structure Which consists of tWo HFET devices. The 
?rst of these is a p-channel HFET Which has a p modulation 
doped quantum Well and is positioned With the gate terminal 
on the loWer side (i.e. on the mirror as just described) and the 
collector terminal on the upper side. The second of these is 
an n-channel HFET Which has a n modulation doped quan 
tum Well and is positioned With the gate terminal on the top 
side and the collector terminal on the loWer side Which is the 
collector of the p-channel device. Therefore a non-inverted 
N-channel device is stacked upon an inverted p-channel 
device to form the active device structure. 

[0031] The layer structure begins With layer 153 of heavily 
doped GaAs of about 2000 A thickness to enable the 
formation of ohmic contacts and this is the gate electrode of 
the p channel device. Deposited on layer 153 is layer 154 of 
N type AL;1Ga1_X1As With a typical thickness of 500-3000 
A and a typical doping of 5x1017 cm_3. This layer serves as 
part of the PHFET gate and optically as the loWer Waveguide 
cladding layers for all laser, ampli?er and modulator struc 
tures. The next layer layer 155 is AlX21Ga1_X2As of thick 
ness about 380 A and Where x2 is about 15%. The ?rst 60-80 
A (layer 155a) is doped N+ type in the form of delta (doping, 
the next 200 A (layer 155b) is undoped, the next 80 A (layer 
1556) is doped P+ type in the form of delta doping and the 
last 20-30 A (layer 155d) is undoped to form a spacer layer. 
This layer forms the loWer separate con?nement heterostruc 
ture (SCH) layer for the laser, ampli?er and modulator 
devices The next layers de?ne the quantum Well(s) of the 
PHFET. For a strained quantum Well, this consists of a 
spacer layer 156 of about 20 A of undoped GaAs and then 
combinations of a Well of 60-80 A (labeled 157) and a 
barrier of undoped GaAs (labeled 158). The Well barrier 
combination may be repeated up to 3 times. Unstrained 
quantum Wells are also possible. FolloWing the last barrier 
of undoped GaAs is a layer 159 of undoped AlX21Ga1_X2 
Which forms the collector of the PHFET device and is about 
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0.5 pm in thickness. All of the layers grown thus far form the 
PHFET device With the gate contact on the bottom. 

[0032] Layer 159 also forms the collector region of the 
NHFET device. Deposited on 159 is a layer 160 of undoped 
GaAs of about 200-250 A Which forms the barrier of the ?rst 
quantum Well. This layer is Wider than the normal barrier 
layer of about 100 A because it accommodates the groWth 
interruption to change the groWth temperature from 610° C. 
(as required for optical quality AlX21Ga1_X2As layers) to 
about 530° C. for the groWth of InGaAs. Therefore layer 160 
is divided into a single layer 160a of about 150 A and a 
repeating barrier layer of about 100 The next layer 161 is 
the quantum Well of InO_2GaO_8As Which is undoped and 
about 60-80 A in thickness. The barrier of 100 A and 
quantum Well of 60-80 A may be repeated up to 3 times. 
Then there is a barrier layer 162 of about 20-30 A of 
undoped GaAs Which accommodates a groWth interruption 
and a change of groWth temperature. Next there is a layer 
163 of about 380 A of AL;21Ga1_X2As Which is undoped. 
Layer 163 is comprised from bottom to top of an undoped 
spacer layer 163a of 20-30 A of AlX21Ga1_X2As, a layer 
163b of N+ type doping of about 3-5><1018 cm3 Which is a 
modulation doped layer, a capacitor spacer layer 163C of 
about 200-300 A Which is undoped and a P+type delta doped 
layer 163d of about 60-80 A and doping about 3-5><1018 
cm-3 to form the top plate of the capacitor. The doping 
species for layer 163d must be C to ensure diffusive stability. 
Numerous experiments have shoWn that the use of the 
traditional dopant Be is totally inadequate to obtain planar 
doped layers after the rapid thermal annealing procedure. In 
contrast to layer 163b Which is alWays depleted, layer 163d 
should never be totally depleted in operation. Layers 163a' 
and 163b form the tWo plates of a parallel plate capacitor 
Which forms the ?eld-effect input to all devices. For the 
optoelectronic device operation, layer 163 is the upper SCH 
region. Layer 163 must be very thin to enable very high 
frequency operation. In the illustrated embodiment, for a 
transistor cutoff frequency of 40 GHZ, a thickness of 300 A 
Would be used and for 90 GHZ a thickness of 200 A Would 
be more appropriate. The layer 164 of AlX1Ga1_X1As is 
deposited next to form part of the upper Waveguide cladding 
layer for the laser, ampli?er and modulator devices. It has a 
typical doping of 5><1017 cm-3 and a thickness of 1000-3000 
A. Deposited next is layer 165 of GaAs or a combination of 
GaAs and InGaAs Which is about 50-100 A thick and doped 
to a very high level of P+ type doping (about 1><102O cm'3 
to enable the best possible ohmic contact. 

[0033] Using the structure as set forth, bipolar and ?eld 
effect transistors and optoelectronic devices in the form of 
thyristors and transistors can be made in accordance With a 
generaliZed set of fabrication steps. The ?rst structure shoWn 
in FIG. 2a is the N channel HFET (NHFET). As the ?gure 
shoWs it is formed With a refractory metal gate contact 168 
(the electrode is also labeled as an emitter because the same 
set of contacts may be used to operate the structure as a 
bipolar device Which is shoWn more optimally in FIGS. 2b 
and 2c). Device fabrication begins With the deposition of the 
refractory gate Which is folloWed by an ion implant 170 of 
N type ions to form self-aligned contacts to the channel 
consisting of the layers 161 and 160. On the source side of 
the FET, the structure is etched doWn to near (about 1000 A 
above) the p type quantum Wells 157 and an ion implant 173 
of P type ions is performed to contact the p type inversion 
channel. Also an insulating implant 171 such as oxygen is 
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performed under the N type drain implant to reduce the 
capacitance for high speed operation. Next the device is 
subjected to a rapid thermal anneal (RTA) of the order of 
900° C. or greater to activate all implants. Then the device 
is isolated from other devices by an etch doWn to the 
semiinsulating substrate Which includes an etch through the 
mirror pairs 151/152 of AlAs/ GaAs. At this point, the device 
is oxidiZed in a steam ambient to create layers of AlO/GaAs 
to perform as the ?nal DBR mirror. During this oxidation 
step, the exposed sideWalls of the etched AlGaAs layers are 
passivated by the formation of very thin layers of oxide. The 
?nal step in the fabrication is the deposition of Au metal 
contacts. These contacts come in three forms. One is the 
AuGe/Ni/Au contact 169 for the N+ type implants, one is the 
AuZn/Cr/Au contact 172 for the P+ type implant and the 
third is a ?nal layer of pure Au to form interconnect betWeen 
device nodes. 

[0034] A second structure is shoWn in FIG. 2b in Which 
the same fabrication steps have been used, but the con?gu 
ration has been more appropriately optimiZed as a bipolar 
device. To achieve this, after the formation of the refractory 
contact 168 Which is functioning as an emitter, both of the 
self-aligned implants 170 Which contact the channel are 
connected as base or control electrodes and have the func 
tion of controlling the level of charge in the inversion 
channel. The channel charge controls the thermionic current 
?oW betWeen the emitter and collector producing a thermi 
onic bipolar device. The device is then etched to the col 
lector mesa Which is established about 1000 A above the p 
type quantum Wells 157 and these Wells are contacted by a 
P+ type ion implant, 173. The remainder of the process is the 
same as in FIG. 2a. It is noted that this bipolar is a pbnp 
device Which Would be groWn With an inversion channel 
Which is normally on. In terms of bipolar devices, the p type 
bipolar is alWays inferior to the n type bipolar and therefore 
the main application for this device is as the p type com 
ponent in a complementary bipolar technology. 

[0035] It is noted in FIG. 2b, that since both collectors 172 
are outside of the base or source contacts, the collector 
access resistance is forfeited for the sake of channel or base 
access resistance. The device can be constructed differently 
as shoWn in FIG. 2c, by creating the source contact 170 by 
self-alignment to one side of the emitter contact 168 and the 
collector contact 173 by self-alignment to the other side of 
the emitter contact. The fabrication sequence therefore 
requires alignment of the mask Within the emitter gate 
feature 168, Which limits the hoW small the feature can be 
made. In the interests of higher speed, a tradeoff is therefore 
made. With this construction, the collector resistance has 
been optimiZed at the expense of the overall source resis 
tance. 

[0036] In FIG. 2d-f, the cross-section is shoWn of the 
PHFET Which is identical in cross-section to the nopn 
bipolar device. FIG. 2a' shoWs that the top p+ layer 165 is 
etched aWay and a N+ implant 179 is used before the 
refractory metal is deposited in order to create a N contact 
to the collector region 159 of either the PHFET or the nopn 
bipolar device. Using the refractory contact 168 as a mask, 
the semiconductor is etched to Within 1000 A of the p 
quantum Wells and then the P+ type implant 173 is per 
formed to create self-aligned contacts to the p inversion 
channel 157/158. It is noted that the P+ type implant can be 
made deep enough to penetrate through to the SI substrate 












